. (1978). Thorax, 33,[401][402][403][404][405]. Variation in airways resistance when defined over different ranges of airflows. In eight normal subjects airways resistance (Raw) was assessed over six ranges of airflow (about zero flow at both minimum and maximum lung volumes) using an automated whole body plethysmograph. The intervals of flow used were 21 s-1 and 11 s-' spanning zero flow, and 11 s-' and 0-5 1 s'1 measured up to and from zero flow. The wider intervals gave less variable results, the coefficients of variation being of the order 11%, 15%, and 22% for the 2, 1, and 0 5 1 s-1 intervals respectively. In all subjects, at minimum volume Raw was some 15 times greater when measured over the ranges at end-expiration than at start-expiration; at maximum volume Raw was some 1-3 times greater when measured over the ranges at end-inspiration than at start-expiration. A slight increase in the slopes of the oscilloscope traces used to determine Raw was observed at minimum volume compared with those at maximum volume.
Lord, P. W., and Edwards, J. M. (1978) . Thorax, 33, [401] [402] [403] [404] [405] . Variation in airways resistance when defined over different ranges of airflows. In eight normal subjects airways resistance (Raw) was assessed over six ranges of airflow (about zero flow at both minimum and maximum lung volumes) using an automated whole body plethysmograph. The intervals of flow used were 21 s-1 and 11 s-' spanning zero flow, and 11 s-' and 0-5 1 s'1 measured up to and from zero flow. The wider intervals gave less variable results, the coefficients of variation being of the order 11%, 15%, and 22% for the 2, 1, and 0 5 1 s-1 intervals respectively. In all subjects, at minimum volume Raw was some 15 times greater when measured over the ranges at end-expiration than at start-expiration; at maximum volume Raw was some 1-3 times greater when measured over the ranges at end-inspiration than at start-expiration. A slight increase in the slopes of the oscilloscope traces used to determine Raw was observed at minimum volume compared with those at maximum volume.
In view of the substantial differences reported it is essential that the exact range of flow, and the respiratory phase used, is described when reporting measurements of Raw. Least variability is obtained by estimating slopes over a wide interval of flow, such as 1 or 2 1 s'1.
Non-linearities in the pressure (p)-flow (V) relationship in the airways, and changes in lung volume, give rise to differences in airways resistance (Raw) when it is measured over different ranges of airflow and at different parts of the respiratory cycle. This is so even at the low flow rates employed using the whole body plethysmograph to determine Raw. Without a priori knowledge of individual p-V relationships the magnitude of the differences cannot be predicted, and we therefore determined this experimentally in normal subjects.
The determination of Raw (DuBois et al., 1956) usually entails measuring on an oscilloscope the slope of traces of the plethysmograph pressure signal (Pp) displayed against the airflow signal (V) over a region near zero flow (Figure) . When changes in plethysmograph pressure are related to changes in alveolar pressure these slopes, S=APp/AV, are linearly related to airways resistance. In their original description of the method DuBois et al. (1956) recommended that the range of airflow used to determine the slope should be 1 1 s-1 inspiration (positive flows) to 1 1 s-1 expiration (negative flows). Later publications make other recommendations-for example, at 0-5 1 s1 inspiration (DuBois, 1964) at 0 5 or 1-01 s:1 (Cotes, 1975) , and at 0 5 to 1-01 1 s-1 inspiration (Bouhuys, 1974) . In reports of experiments and surveys that have employed plethysmography the ranges used have varied (Butler et al., 1960; Kerr, 1973; Sackner and Landa, 1973; Stamm et al., 1976) , and often the direction of flow is not stated (Lloyd and Wright, 1963; Gayrard et al., 1975; Hruby and Butler, 1975) . Even when the direction of flow is given it is generally not clear whether the measurements were obtained at the start or end of the inspiratory or expiratory phases. Sometimes no range at all is given, as for example in Spicer et al. (1962) .
Variability in the measurement of Raw over a given range of flow will be due to turbulance in the airflow, to physiological changes in the airways that alter the p-V relationship, and to experi-the computer-controlled procedure described by Lord and Brooks (1977) . Eight normal, nonsmoker subjects performed six successive shallowpanting manoeuvres to obtain measurements of Raw and Vtg. During each manoeuvre seven complete breathing cycles were examined for Raw and for each of these cycles 12 values were obtained from the airflow and plethysmograph pressure signals by calculating the slopes S over the six ranges of flow -to 1, -i to 0, 0 to 1, -0 5 to 0-5, -0 5 to 0, and 0 to 0 5 1 s-1 about the points of zero flow at end-expiration (minimum volume point) and at end-inspiration (maximum volume point) (see Figure) . The subjects were instructed to pant near their functional residual capacity at a frequency of 2 Hz (which was indicated to them by a metronome). thoracic gas volume and the constant 0-02 kPa 1-'s is the pneumotachograph resistance. For any triability be-particular subject, at a given Vtg, Raw is linearly e also been related to the slope S.
The experiment conformed to a factorial design with the six flow ranges nested within reading within subjects. The part of the breathing cycle (maximum and minimum volume) was included thysmograph as a two-level factor, and the seven loops were of a design treated as replicates. An analysis of variance was et al. (1959) . carried out (Table 2) to investigate the contrigas volume butions of the factors to the variation in the us following slopes. All the factors, including the interaction between the two parts of the breathing cycle and the flow ranges, were found to contribute highly significantly to variations among the slopes (P<0-001). Repeating the analysis for each part of the breathing cycle separately also showed a highly significant variation (P<0001) between the ranges, as might be expected. The means of the slopes for each subject over each range are shown in Table 3 . For all subjects the slope decreased significantly (P<0001) as the respiratory cycle passed through either of the zero flow points. That is, at minimum volume the slopes over an inspiratory (positive) flow range were less than those over an expiratory (negative range) flow range, by a factor of some 15. At maximum volume the opposite was true, the slopes at end-inspiration being some 1-3 greater than at start-expiration. Thus the best agreement between the two parts of the respiratory cycle was between end-inspiration and start-expiration. On both parts of the cycle the ranges that spanned zero flow gave intermediate values.
The slopes over the six ranges varied widely; in some subjects the largest value was about twice the smallest. Over all subjects the only two means that were not significantly different were those for the ranges 0 to 0-5 1 s'l and 0 to 11 s-1 at the start of inspiration.
In general the larger the flow interval the smaller the standard deviation of the slopes measured over it. The -1 to 1 1 s'l range slopes were least variable (coefficient of variation 11%). jects were concordant (P<0-001), Raw being less variable the larger the flow interval. Restricting the tests to the three 1 1 s-' and to the two 05 1 s-1 intervals did not show any agreement among the subjects and hence expiratory ranges were not significantly any more or less variable than inspiratory ranges. Overall, the slopes at minimum volume were 001 higher than at maximum volume (P<0-001). There were no differences in variability between these two parts of the respiratory cycle.
Discussion
Significant and substantial differences in slopes of the Pp versus V traces used to estimate Raw have been shown in normal subjects when measurements are made over various ranges of airflow. The only exception was for the two ranges 0 to 0 5 and 0 to 11 s-' at the start of inspiration. It should be noted that the results over a 0 to 05 1 s7l range are generally more variable than over the larger range.
The differences in slopes over different ranges would give rise to variation in Raw by virtue of equation (1), and as for the slopes these variations would be substantial. For the purposes of comparison between studies the range of flow over which Raw was measured should be given, as well as the part of the respiratory cycle used. This is not always done at present.
Near maximum volume when the lung is distended a lower resistance would be expected and this we have confirmed when all the ranges are pooled, but as Table 3 shows this was not consistent over each range. We measured Vtg at minimum volume but the experimental technique did not allow us to measure it also at maximum volume when it would be about 0-5 1 more.
We have shown that the airways resistance is greatest at end-expiration and end-inspiration. The former represents the resistance when the lung volume is at its least and also when the airways are under compressive forces, which would also tend to narrow their calibre. The higher value of resistance at end-inspiration, when the lungs are more inflated and the transpulmonary pressure is tending to increase airway calibre we cannot explain, but it must reflect dynamic changes in the lung as the volume changes and represents an asymmetry between the inspiratory and expiratory phases.
The differences in Raw between different ranges could be used together to give a more complete discription of lung function, and it may be that these differences will prove to be of 
